Reef-building corals, like many long-lived organisms, experience environmental change as a 2 combination of separate but concurrent processes, some of which are gradual yet long-lasting, 3 while others are more acute but short-lived. For corals, some chronic environmental stressors, 4 such as rising temperature and ocean acidification, are thought to induce gradual changes in 5 colonies' vital rates. Meanwhile, other environmental changes, such as the intensification 6 of tropical cyclones, change the disturbance regime that corals experience. Here, we use a 7 physiologically structured population model to explore how chronic environmental stressors that 8 impact the vital rates of individual coral colonies interact with the intensity and magnitude of 9 disturbance to affect coral population dynamics and cover. We find that when disturbances are 10 relatively benign, intraspecific density dependence driven by space competition partially buffers 11 coral populations against gradual changes in vital rates. However, the impact of chronic stressors 12 is amplified in more highly disturbed environments, because disturbance weakens the buffering 13 effect of space competition. We also show that coral cover is more sensitive to changes in colony 14 growth and mortality than to external recruitment, at least in non-self-seeding populations, 15 and that space competition and size structure mediate the extent and pace of coral-population 16 recovery following a large-scale mortality event. Understanding the complex interplay among 17 chronic environmental stressors, mass-mortality events, and population size structure sharpens 18 our ability to project coral dynamics in an increasingly disturbed future. 19 23
Introduction
Tropical reef-forming corals are celebrated worldwide for the spectacular and diverse marine ∂n (t, x) ∂t + ∂g(x, C) n(t, x) ∂ x = −µ(x, C) n(t, x) (2a) 124 g(x 0 , C) n(t, x 0 ) = s(C).
die-off caused by an outbreak of the crown-of-thorns seastar in 2002-10 and a cyclone in 2010 145 (Kayal et al., 2012; Holbrook et al., 2018) . Thus, most coral colonies observed during these surveys 146 were small (x ≤ 12 cm). These data suggest that as corals become larger, coral growth rates increase, 147 but at a decelerating rate, at least across the size ranges found in this data set. Thus, we fit a quadratic 148 curve for g 0 (x), constrained so that the growth rate is 0 when a colony attains its maximal size, i.e., 149 g 0 (x max ) = 0 ( Fig. 1A) . 150 We assume that mortality is density-independent, thus µ(x, C) = µ(x). Following Madin 151 et al. (2014) , we expect that very small and very large colonies will experience larger mortality than 152 intermediate-sized colonies; that is, the relationship between size and mortality will be "u-shaped".
153
This shape arises because small coral colonies are more vulnerable to a wide variety of mortality 154 types including overgrowth from space competitors, whereas large colonies are more vulnerable 155 to dislodgement from hydrodynamic stress (Madin et al., 2014) . Our photoquadrat data do not 156 include enough large colonies to estimate the full relationship between mortality and colony size. multiplied this curve by a constant factor to adjust the small-colony mortality to match the mortality 165 from Holbrook et al. (2018) (Fig. 1B) . 166 Finally, we assume that recruits arrive at a baseline rate s 0 . Recruits successfully settle at 167 a rate proportional to the amount of free space (Hughes and Jackson, 1985; Connell et al., 1997) , First, we explore the population dynamics generated by the model under our baseline parameter set, 176 both with and without mass-mortality events caused by disturbances such as typhoons or bleaching. 190 leading to a population that consists mostly of corals that are large enough to escape overgrowth, 191 yet small enough to avoid being dislodged. Eventually these colonies grow large enough that 192 dislodgment mortality increases, opening new substratum to usher in the next cohort of recruits.
193
These population cohorts echo the dynamics observed in early theoretical work for sessile marine 194 invertebrates with space-limited recruitment (Roughgarden et al., 1985; Pascual and Caswell, 1991; 195 Artzy- Randrup et al., 2007) , and can be visualized by plotting coral cover against a characteristic 196 colony size ( Fig. 2B ). Here, we define the characteristic colony size such that colonies smaller than 197 the characteristic size account for half the coral cover, and colonies larger than the characteristic size 198 account for the other half of coral cover. (We favor summarizing size structure in this way because 199 the average or median colony size is affected by the size structure's skew.) Fig. S1 provides an 200 alternative visualization of these population oscillations.
201
For contemporary coral reefs, decades-long runs of undisturbed conditions seem unlikely. To 202 ask if similar dynamics appear in disturbed environments, we conducted simulations with stochastic 203 mass-mortality events. We modeled two disturbance regimes. In the moderate-disturbance regime 204 ( Fig. 3A,B) , each year had a 10% chance of an event such as bleaching or a typhoon in which 25% 205 of all colonies die (what we will subsequently call a "25% mortality event"), and a 4% chance of 206 an 80% mortality event (such as a predator outbreak). In the high-disturbance regime (Fig. 3C ,D), 207 each year had a 20% chance of a 40% mortality event, and a 5% chance of a 95% mortality event.
208
Mortality in these events was uniform across colony size.
209
These simulations show that size structure still mediates the recovery of coral populations 210 following a widespread mortality event, even if fully formed population oscillations do not appear.
211
Specifically, as long as a disturbance does not decimate a population (that is, when post-disturbance 212 cover is ≥ 10%), the characteristic colony size will continue to increase following the disturbance 213 ( Fig. 3B,D) . This suggests that, following a mild or moderate disturbance, recovery is initially driven 214 by growth of surviving colonies as opposed to recruitment of new colonies. Consequently, cover 215 will rebound more rapidly if the colonies that survive the disturbance are medium-size colonies 216 that are able to grow most quickly in uncrowded conditions ( Fig. 1A ). Surviving colonies then 217 grow rapidly to fill newly vacated space, to the extent that this growth is not impeded by dead coral 218 skeletons. On the other hand, if the disturbance occurs when the population is dominated by large 219 colonies, then physiological constraints will limit the survivors' post-disturbance growth, despite the 220 newly relaxed intraspecific competition. Thus, the population may fail to rebound to pre-disturbance 221 cover, even if the years following the disturbance are benign. On the other hand, when a severe disturbance reduces the coral population to very low cover (≤ 10%), the surviving colonies are too 223 sparsely distributed to rebuild cover through their growth. Instead, recovery must wait for a new 224 cohort of recruits to arrive and to replenish the population.
225
Elasticity analysis 226 We now investigate how changes in colony-level vital rates driven by chronic disturbances such as 227 rising sea temperatures or OA affect population cover. To do so, we quantify how a proportional 228 change in a vital rate translates into corresponding proportional change in total cover; in other words, 229 we conduct an elasticity analysis (de Kroon et al., 1986) . To simplify matters, we suppose that 230 changes in growth, mortality, or recruitment act independently of both colony size and coral density.
231
Mathematically, we introduce multiplication factors φ g , φ µ and φ s , such that the modified growth, 232 mortality, and recruitment rates are
To establish a baseline, we first consider how changes in vital rates impact coral cover in 234 undisturbed environments. In this case, equilibrium cover is more sensitive to changes in growth 235 and mortality, and considerably less sensitive to changes in recruitment ( Fig. 4A ). Large (> 25%) 236 decreases in growth eventually cause equilibrium cover to be lost at an accelerating rate, while 237 non-linear effects of changes in mortality and recruitment are less pronounced. Next, we consider 238 disturbed environments by simulating the same two disturbance regimes that we considered for effects. In disturbed environments, average cover is still less sensitive to changes in recruitment than 244 to changes in growth or mortality, but changes in any of these inputs have more pronounced effects 245 under disturbed conditions.
246
To understand why small changes in vital rates have a bigger effect on coral cover in disturbed 247 environments, we calculated the elasticity of total coral cover to changes in demographic inputs 248 during the recovery period immediately following a population wipe-out ( Fig. 5 ). Elasticities here 249 are defined in the usual way, as the proportional derivatives of the relationship between coral cover 250 and the demographic multiplier φ evaluated at φ = 1 (de Kroon et al., 1986) . We compute the 251 elasticity with respect to the direction of change caused by chronic environmental stressors (e.g., a 252 decrease in growth or recruitment, and an increase in mortality). All elasticities are calculated with 253 finite-difference approximations.
254
In the immediate aftermath of a population wipe-out, coral cover is most sensitive to 255 recruitment and growth of new colonies, and only minimally sensitive to mortality ( Fig. 5 ). However,
256
in the first few years of recovery, cover becomes increasingly sensitive to growth and mortality, and 257 less so to recruitment. These elasticities are larger (in magnitude) than the elasticities observed 258 at equilibrium (shown on the right axis of Fig. 5 rebound. If, instead, disturbance mortality depends on colony size, then the pace of recovery will 286 be determined both by the size structure of the population at the time of the disturbance, and the 287 size-selective mortality.
288
This analysis also suggests that occasional mass-mortality events make coral cover more 289 sensitive to changes in vital rates driven by chronic environmental stressors. In the absence of 290 disturbance, intraspecific space competition partially buffers the effect of changes in vital rates.
291
Mass-mortality events continually reset coral populations to low densities where competition for 292 space is less intense, and thus density-dependence is less effective at buffering simultaneous changes 293 in underlying vital rates. Although we have presented our results as disturbance exacerbating coral 294 sensitivity to chronic stressors, of course this interaction must flow in the other direction as well:
295 chronic stressors will also make average coral cover more sensitive to changes in the frequency and 296 magnitude of disturbance.
297
Finally, these results also suggest that coral populations will be more sensitive to changes in 298 colony growth or mortality rates than to changes in recruitment, under all of the disturbance scenarios 299 we have considered (Fig. 4) . The relative robustness of coral cover to changes in recruitment is noteworthy because our model assumption of constant recruitment is a clear simplification. In Figure 3 : Population oscillations driven by size structure persist in moderately disturbed environments, but not in highly disturbed environments. A: Total coral cover (as a proportion of available substrate) vs. time for 150 years in the "moderate-disturbance" regime. Tick marks on the top axis show the timing of small (above the axis) or large (below the axis) mortality pulses. B: Characteristic colony size vs. coral cover for the same dynamics. Characteristic colony size is defined in the same way as in Fig. 2 . The red dot shows the equilibrium under undisturbed conditions. C,D: Parallel plots for the "high-disturbance" regime, where mortality events are more frequent and more severe. Displayed dynamics follow a "burn-in" period of 200 years to eliminate transients. Figure 5 : Elasticity of coral cover to vital rates changes considerably during the years following a population wipe-out. Lines show the elasticity of total coral cover to changes in colony growth (black), mortality (violet), and recruitment (green), as a population rebuilds following a population wipe-out. Elasticities are defined with respect to the change in vital rates caused by chronic environmental stress; that is, with respect to a decrease in growth or recruitment, and with respect to an increase in mortality. Arrowheads on the right axis show the long-run elasticity of the equilibrium cover in undisturbed environments.
Supplementary material Parameter values and justifications
where the 's take the usual assumptions of independent and identically distributed Gaussian 505 error. In other words, our fitted equation is
For our data, a constrained least-squares fit yields estimates of 507b 0 = 0.0123 508b 1 = 0.297 509b 2 = −0.643.
511
We do not report standard errors because accurate calculation of standard errors would require 512 accounting for correlations among observations from the same colony, which is beyond the 513 scope of this analysis.
514
Finally, note that by equating a growth rate g 0 (x) with an annual growth increment, we are 515 essentially assuming that the growth rate is constant over the course of an entire year. Of 516 course, in our model, the growth rate changes as the colony grows, so that the equivalence 517 between the growth rate and the observed annual growth increment is inexact. However,
518
S -2 growth rates are sufficiently slow, and change sufficiently slowly with changing size, that the 519 loss in fidelity from using an observed annual growth increment to estimate a growth rate is 520 minor.
521
µ(x, C), coral mortality rate First, we assume that coral mortality is independent of coral cover.
522
To estimate the size-dependence of coral mortality, we use data from corymbose corals on years after disturbance colony diameter (cm) cover (proportion) Figure S1 : Oscillations in coral cover are driven by space competition between pulses of recruits. This display shows the size structure of the coral population for 100 undisturbed years following a catastrophe that completely eliminates existing coral cover. For ease of visualization, this display divides coral colonies into discrete size classes of 2 -3 cm diameter, 3 -4 cm diameter, . . ., 49 -50 cm diameter, and shows the cover accounted for by colonies in each size class, expressed as a proportion of the total available space. Warm colors (orange and red) show size structure for years 5, 10, . . . , 100. The green histogram shows the equilibrium size structure to which the dynamics eventually converge. Figure S2 : Estimated growth rate for Pocillopora verrucosa. A: Annual growth increment (corrected for crowding) vs. coral colony size for monitoring data from LTER sites 1 and 2 on Mo'orea's north shore, and best constrained least-squares fit of eq. S1. B: As in panel A, but extended over the full range of coral colony sizes.
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